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rying	 effective	 physiological,	 and	 prognostic	 data	 beyond	 routine	 peripheral	
blood	 pressure.	 Transfer	 function-	based	 devices	 effectively	 estimate	 aortic	 sys-
tolic	and	diastolic	blood	pressure	 from	peripheral	pressure	waveforms,	but	 the	













respectively).	This	proof	of	 concept	 study	demonstrated	 that	 local	wave	 speed,	
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1 	 | 	 INTRODUCTION
The	World	Health	Organization	estimates	that	~15%	of	the	
population	 worldwide	 suffers	 from	 high	 blood	 pressure,	
and	only	20%	of	these	are	effectively	managing	their	condi-
tion.	According	to	the	European	Society	of	Hypertension,	
the	 current	 definition	 of	 hypertension	 entails	 having	 a	
brachial	systolic	blood	pressure	(Ps) ≥140 mmHg	and/or	
diastolic	blood	pressure	(Pd) ≥90 mmHg	(Williams	et	al.,	
2018).	 In	 contrast	 to	 central	 aortic	 pressure,	 which	 may	








site	 moves	 distally	 from	 the	 ascending	 aorta	 (Reference	
Values	 for	 Arterial	 Measurements	 Collaboration,	 2014;	










and	 stroke	 mortality,	 beyond	 brachial	 pressure	 and	 in-
dependent	 from	 established	 cardiovascular	 risk	 factors	



























introduced	 to	 directly	 estimate	 pressure	 from	 local	 arte-
rial	 waveforms	 acquired	 noninvasively	 and	 a	 local	 esti-
mate	of	wave	speed	(c)	(Beulen	et	al.,	2011;	Vennin	et	al.,	
2015).	 Similar	 to	 transfer	 functions,	 these	 methods	 typi-
cally	rely	on	the	assumption	that	Pd	and	Pm	are	the	same	
in	most	arterial	locations.	Vennin	et	al.	(2015)	proposed	a	
method	 to	 reconstruct	 the	 aortic	 pressure	 waveform	 (P)	
from	noninvasive	acquisition	of	aortic	blood	flow	velocity	





this	 method	 provided	 plausible	 estimations	 of	 aortic	 P	
both	 in	computational	and	 in	vivo	settings,	 the	pressure	
waveform	involved	in	the	determination	of	c	(Davies	et	al.,	
2005)	was	recorded	invasively.	This	renders	the	technique	
unsuitable	 for	 routine	examination,	although	 its	 relative	
accuracy	is	yet	to	be	determined	if	c	is	estimated	noninva-
sively.	Beulen	et	al.	(2011)	used	simultaneous	ultrasound	
measurements	 of	 U	 and	 diameter	 distension	 waveform	
(D)	 to	 estimate	 P	 in	 flexible	 tubes.	The	 flow-	area	 (Q–	A)	
method	 (Rabben	 et	 al.,	 2004)	 was	 used	 to	 determine	 c	










The	 aim	 of	 this	 study	 was	 to	 develop	 a	 noninvasive	
method	 for	 estimating	 arterial	 pressure	 from	 local	 hemo-
dynamic	waveforms.	Our	ultimate	goal	was	 to	provide	an	





2 	 | 	 METHODS
The	general	methodology	of	the	technique	is	to	construct	the	
exponential	relationship	between	P	and	A	 in	arteries	using	




















































(122	 men,	 51±17  years,	 age	 range	 16–	78  years)	 undergo-
ing	 standard	 out-	patient	 cardiovascular	 risk	 assessment,	
all	 free	 of	 major	 cardiovascular	 events,	 atrial	 fibrillation,	
malignancy,	or	chronic	 inflammatory	disease.	All	subjects	
were	 referred	 for	 a	 complete	 cardiovascular	 examination	









P,	 D,	 and	 U	 waveforms	 of	 the	 CCAs	 were	 acquired	
simultaneously	 by	 a	 single	 experienced	 operator	 (C.M.),	
following	an	earlier	reported	protocol	(Giannattasio	et	al.,	
(1)
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2008).	 Simultaneous	 ultrasound	 acquisition	 of	 D	 and	 U	
was	performed	on	the	right	CCA	using	a	10.0-	MHz	linear	





of	 the	ultrasound	probe,	P	was	acquired	at	 the	 left	CCA	
using	a	PulsePen	(DiaTecne,	Milan,	Italy)	with	sampling	
frequency	 1  kHz.	 Acquisitions	 lasted	 for	 approximately	
10 s,	granting	at	least	seven	heartbeats	where	P	and	D-	U	
were	recorded	simultaneously.
The	 carotid	 ultrasound/tonometer	 acquisitions	 were	
performed	 after	 the	 subject	 had	 rested	 in	 the	 supine	
position	 for	 at	 least	 10  min.	 Brachial	 Ps	 and	 Pd	 (bPs	 and	
bPd)	 were	 measured	 by	 an	 electronic	 digital	 manometer	
(Omron,	model	705cp,	Kyoto,	 Japan)	and	 the	average	of	
two	consecutive	measurements	was	used	for	calibration.
The	 data	 that	 support	 the	 findings	 of	 this	 study	 are	
available	from	the	corresponding	author	upon	reasonable	
request.
2.3	 |	 Noninvasive estimation of the local 
wave speed (nc) and exponential gain (nγ)
The	local	CCA	wave	speed	was	estimated	using	the	lnDU-	
loop	method,	whose	complete	derivation	 is	described	 in	
earlier	 work	 (Feng	 &	 Khir,	 2010).	 Briefly,	 when	 arterial	





to	 the	 periphery)	 and	 backward	 (from	 the	 periphery	 to	
the	heart)	direction	of	wave	travel.	Following	cardiac	ejec-













previously	 for	 regional	 pulse	 wave	 velocity	 (Spronck	 et	 al.,	
2017).
To	provide	a	means	of	comparison	for	nγ,	the	exponen-
tial	 gain	 was	 also	 calculated	 using	 the	 tonometer	 wave-












































2.4	 |	 Noninvasive estimation of pressure








2.5	 |	 Statistical analysis
Data	are	reported	as	mean ± standard	deviation	(SD).	nPs	
and	nPm	were	compared	with	tonometer	measurements	of	
tPs	 and	 tPm.	 The	 tonometer	 acquisition	 of	 pressure	 was	
calibrated	 using	 bPd	 and	 bPm	 and	 assuming	 constant	 Pm	
and	Pd	throughout	the	arterial	system.	bPm	was	estimated	

















tivariate	 regression	 analysis,	 including	 nP	 as	 dependent	
variable	and	corresponding	tP	value	(i.e.,	Ps	and	Pm	inde-
pendently),	age,	type	1	diabetes	mellitus	(T1DM),	type	2	
diabetes	 mellitus	 (T2DM),	 antihypertensive	 treatment,	
and	dyslipidemia	as	independent	variables.
Linear	 regression	 and	 correlation	 analysis	 were	 per-
formed	where	appropriate.	p ≤ 0.05	was	considered	statis-
tically	significant.
3 	 | 	 RESULTS
The	 hemodynamic	 characteristics	 of	 subjects	 included	
in	 this	 study	 are	 reported	 in	 Table	 1.	 bPs	 and	 bPd	 were	
122.1  ±  16.8  mmHg	 and	 75.2  ±  10.3  mmHg,	 respec-
tively.	 Using	 a	 form	 factor	 0.43	 (Equation	 11)	 lead	 to	
bPm =95.4 ± 12.0 mmHg.
Average	noninvasive	wave	speed	nc	was	5.67 ± 1.45 m/s.	





ple	 (≤35  years,	 p  =  0.006),	 but	 not	 in	 middle-	aged	 and	
older	adults	 (p = 0.73	and	p = 0.51,	respectively)	 (Table	




p  =  0.47)	 (Table	 S2,	 https://figsh	are.com/s/4aab7	f7fd0	
26d8f	bb761).




agreement:	 −39.9	 to	 47.4)	 mmHg	 (p  =  0.015)	 and	 2.3	
(−17.0	to	21.5)	mmHg	(p = 0.011)	higher	than	tPs	and	
tPm	 acquired	 via	 tonometry,	 respectively	 (Table	 1	 and	
Figure	3b–	d).	Correlation	between	the	two	techniques	
was	 strong	 for	 Pm	 (Figure	 3a)	 and	 moderate	 for	 Ps	
(Figure	3c).	Further,	the	Bland–	Altmann	plots	(Figure	





As	 for	 γ,	 the	 pressure	 estimation	 using	 the	 new	
method	 performed	 better,	 on	 average,	 in	 middle-	aged	




and	 −0.6	 (limits	 of	 agreement:	 −42.8	 to	 41.6)	 mmHg	
(p  =  0.80)	 and	 0.3	 (limits	 of	 agreement:	 −18.5	 to	 19.1)	
mmHg	(p = 0.76)	in	older	adults	(Figure	S2	(https://figsh	
are.com/s/4aab7	f7fd0	26d8f	bb761)	and	Figure	4	for	Ps	and	
Pm,	 respectively).	However,	as	 for	γ,	 the	 interaction	be-
tween	age	and	nPs	or	nPm	was	not	significant	(β = −0.078,	
95%	 CI	 [−0.260–	0.104],	 p  =  0.40	 and	 β  =  −0.057,	 95%	
CI	 [−0.198–	0.084],	 p  =  0.43,	 respectively).	 Further,	 the	
clinical	 background	 did	 not	 affect	 the	 pressure	 estima-
tion	 (Table	 S2	 https://figsh	are.com/s/4aab7	f7fd0	26d8f	
bb761).
(11)
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4 	 | 	 DISCUSSION
In	 this	 study,	 we	 proposed	 a	 new	 technique	 where	 the	
local	 wave	 speed,	 estimated	 by	 noninvasive	 local	 meas-
urements	of	diameter	distension	and	blood	flow	velocity	
waveforms,	 is	used	 to	estimate	 the	parameters	of	an	ex-











vasively	 in	 the	 aorta.	 Although	 they	 are	 the	 most	 com-
monly	 used,	 their	 accuracy	 is	 still	 called	 into	 question.	
Ding	et	al.	 (2011)	compared	invasively	measured	central	
aortic	pressure	with	estimates	provided	by	two	commer-
cial	 devices,	 SphygmoCor	 and	 Omron	 HEM-	9000AI,	
both	 relying	 on	 the	 measurement	 of	 radial	 pressure	
waveforms	calibrated	with	cuff	measurement	of	brachial	
pressure.	The	first	underestimated	aortic	Ps	by	15 mmHg	




showed	 that	 calibrating	 the	 radial	 pressure	 waveform	
All ≤35 years 36– 59 years ≥60 years
N	(male) 203	(60%) 47	(59%) 78	(53%) 78	(68%)
Age	[years] 51 ± 17 24 ± 5 51 ± 6 67 ± 5
Brachial	artery
bPs	[mmHg] 122.1 ± 16.8 111.4 ± 11.7 120.9 ± 14.7 129.8 ± 17.6
bPd	[mmHg] 75.2 ± 10.3 67.0 ± 8.5 77.8 ± 9.4 77.5 ± 9.5
Carotid	artery
nc	[m/s] 5.67 ± 1.45 4.45 ± 0.73 5.58 ± 1.12 6.49 ± 1.50
tγ	[–	] 3.53 ± 1.48 2.11 ± 0.54 3.29 ± 0.99 4.64 ± 1.43
nγ	[–	] 3.60 ± 1.75 2.43 ± 0.80
† 3.33 ± 1.30 4.53 ± 1.98
tPs	[mmHg] 120.3 ± 17.3 110.5 ± 13.0 118.5 ± 15.0 128.1 ± 18.1
nPs	[mmHg] 124.1 ± 23.6* 122.2 ± 25.6
† 120.4 ± 18.9 127.5 ± 23.3
tPm	[mmHg] 95.4 ± 12.0 86.1 ± 8.4 96.3 ± 11.0 100.0 ± 11.7
nPm	[mmHg] 97.6 ± 13.6* 91.7 ± 12.1
‡ 97.6 ± 11.8 100.3 ± 13.7
tFF	[–	] 0.45 ± 0.04 0.45 ± 0.03 0.46 ± 0.04 0.45 ± 0.04
nFF	[–	] 0.46 ± 0.03




































of	 agreement	 for	 Ps	 were	 wider	 than	 that	 reported	 for	
commercial	devices	(−36.8	to	38.0 mmHg	in	middle-	aged	
and	older	adults).	These	results	might	be	due	to	the	fact	





the	 acquired	 tonometer	 waveforms,	 averaged	 0.45	 but	





Grillo	 et	 al.	 (2020)	 recently	 proposed	 an	 alternative	
method	 for	 the	estimation	of	a	 subject-	specific	brachial	
FF	 derived	 from	 bPd	 and	 gender.	They	 showed	 that	 the	
method	predicts	age-	differences	of	brachial	FF	more	ef-
fectively	 in	 middle-	aged	 and	 older	 adults.	 However,	 as	








and	 high	 frequency	 components	 of	 the	 pressure	 wave-
form	 synthesized	 from	 distal	 measurements.	 The	 pres-
sure	waveform	at	any	arterial	location	is	widely	accepted	
to	 be	 the	 linear	 summation	 of	 the	 forward	 travelling	
pressure	 waves,	 generated	 by	 left	 ventricular	 contrac-
tion,	 and	 the	 backward	 travelling	 waves,	 originated	 at	
reflection	 sites	 when	 the	 forward	 travelling	 wave	 meets	
discontinuities	(i.e.,	mismatched	bifurcations	and	down-




tion	 of	 pressure	 at	 any	 location	 from	 pressure	 acquired	
elsewhere	in	the	arterial	tree	a	complicated	task.	Indeed,	
the	 accuracy	 of	 estimating	 aortic	 waveform	 from	 radial	
measurements	using	 transfer	 functions	 remains	contro-
versial.	Segers	et	al.	(2005)	found	that	the	augmentation	
index	(AIx),	an	estimate	of	the	relative	magnitude	of	the	














tion.	 This	 result	 contradicts	 previous	 findings	 showing	
that	carotid	AIx	strongly	correlates	with	that	of	invasively	
measure	 aortic	 pressure	 waveforms	 (Chen	 et	 al.,	 1996),	
casting	further	doubts	on	the	accuracy	of	generalized	TF-	




ular	 function	 (Park	 et	 al.,	 2020)	 and	 the	 incidence	 of	
cardiovascular	events	(Sugawara	et	al.,	2009;	Wang	et	al.,	
2010).	Therefore,	findings	by	Segers	et	al.	(2005)	suggest	
that	 the	pressure	waveform	estimated	via	 transfer	 func-
tion	might	carry	information	on	reflections	at	peripheral	
sites	but	be	less	than	ideal	to	evaluate	the	subject-	specific	
cardiac	 risk.	 Additionally,	 a	 previous	 study	 from	 our	
group	 showed	 good	 agreement	 between	 wave	 intensity	
analysis,	using	standard	 invasive	P	and	U	and	noninva-





the	 local	 lnDU-	loop	 to	 facilitate	 the	 estimation	 of	 local	
pressure	waveform.
Methods	 that	 noninvasively	 estimate	 pressure	 from	
local	 arterial	 waveforms	 are	 likely	 to	 provide	 more	 ac-
curate	 alternatives	 to	 transfer	 functions,	 following	 the	
rationale	 that	 local	 waveforms	 necessarily	 carry	 more	
representative	 information	on	 local	hemodynamics	 than	
peripheral	pressure.	Vennin	et	al.	(2015)	used	the	“water	
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hammer”	equation	(Khir	et	al.,	2001)	 to	convert	 the	up-
stroke	 of	 the	 flow	 velocity	 waveform	 into	 the	 pressure	
upstroke,	and	then	modelled	the	elastic	recoil	in	diastole	
with	an	exponential	decay	function	and	the	pressure	peak	
in	 late	 systole.	The	 method	 yielded	 good	 results	 both	 in	
a	 one-	dimensional	 computational	 model	 of	 the	 arterial	
tree	and	in	vivo.	However,	the	use	of	invasively	measured	
aortic	P	for	the	estimation	of	c	using	the	sum	of	squares	







ing,	however,	 that	 the	underlying	assumption	 in	Beulen	
et	 al.	 is	 that	 c	 is	 constant	 in	 the	 investigated	 pressure	
range,	yielding	to	a	linear	P–	D2	relationship.	While	such	
assumption	is	reasonable	for	the	flexible	tubes	used	for	the	






in	early	 systole	describes	 the	slope	of	 the	P–	D2	 relation-
ship	in	the	proximity	of	Pd	but	allows	the	estimation	of	γ	
that,	 together	with	 local	Dd	and	Pd	 (here	assumed	equal	











chial	 cuff	 measurement	 typically	 under	 and	 overesti-
mating	 Ps	 and	 Pd,	 respectively	 (Picone	et	al.,	 2017).	Our	











relationship	 between	 D	 and	 U	 in	 early	 systole.	 It	 was	
suggested	previously	that	the	accuracy	of	the	loop	meth-
ods	is	affected	by	the	proximity	to	the	reflection	site	and	
magnitude	of	 the	 reflected	waves	 (Borlotti	 et	al.,	2014;	
Segers	et	al.,	2014)	and	that	the	lnDU-	loop	method	might	
underestimate	c	at	the	level	of	the	CCA	(Willemet	et	al.,	






5 	 | 	 CONCLUSIONS
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